In this work, we describe two different methods for generating protonated S-nitrosocysteine in the gas phase. The first method involves a gas-phase reaction of protonated cysteine with t-butylnitrite, while the second method uses a solution-based transnitrosylation reaction of cysteine with S-nitrosoglutathione followed by transfer of the resulting S-nitrosocysteine into the gas phase by electrospray ionization mass spectrometry (ESI-MS). Independent of the way it was formed, protonated S-nitrosocysteine readily fragments via bond homolysis to form a long-lived radical cation of cysteine (Cys •ϩ ), which fragments under collision-induced dissociation (CID) conditions via losses in the following relative abundance order: •COOH ӷ CH 2 S Ͼ •CH 2 SH Ϸ H 2 S. Deuterium labeling experiments were performed to study the mechanisms leading to these pathways. DFT calculations were also used to probe aspects of the fragmentation of protonated S-nitrosocysteine and the radical cation of cysteine. NO loss is found to be the lowest energy channel for the former ion, while the initially formed distonic Cys
T
here has been renewed interest in the gas-phase formation and reactions of radical ions of biomolecules. The motivation for these studies range from fundamental interest in species related to biological processes such as enzyme catalysis [1] and oxidative chemistry associated with damage to biomolecules such as DNA [2] and proteins [3] through to the potential for developing novel mass spectrometry based analytical applications [4] . With regards to the formation of radical ions of amino acids and peptides, several methods have been developed as alternatives to electron ionization (EI) [5] . These include UV photodissociation [6 -11] and ion-electron based techniques such as electron capture dissociation (ECD) [12] [13] [14] [15] . Chemical-based methods that involve low-energy collisioninduced dissociation (CID) [16] of ions generated via electrospray ionization and which can thus be carried out on a wide range of mass spectrometers, merit special discussion. The first, pioneered by Siu, involves carrying out CID of ternary metal complexes to form radical cations of peptides via the redox reaction shown in eq 1 [17] [18] [19] . To date, doubly charged copper(II) ternary metal complexes (eq 1, where Metal ϭ Cu; L ϭ a range of neutral ligands, x ϭ 2, y ϭ 0) and singly charged metal(III) complexes (eq 1, where Metal ϭ Cr, Mn, Fe, and Co; L ϭ a salen ligand, x ϭ 3, y ϭ 2) have been used to study the formation and reactions of peptide radical ions, including recent contributions from Julia Laskin [20 -23] . 
The second method involves carrying out CID on a cationized peptide containing a functional group with a weak bond, which is susceptible to bond homolysis. A number of different functional groups have been examined to date including: (1) N-terminal azo derivatives [24] ; (2) N-terminal [25] and lysine side-chain [26] carbamate derivatives; (3) serine nitrate ester deriva-tives [27] ; (4) S-nitrosocysteine derivatives [28] . These studies have opened up opportunities to examine the fundamental gas-phase chemistry of side-chain and backbone radical sites in peptides.
An important class of radicals in peptide chemistry are the side-chain thiolate radicals of cysteine residues, which are involved in a number of enzyme reactions [1] , are implicated in protein damage [29] and in S-S and S-NO bond homolysis reactions in certain MSbased experiments [4, 28] . Recent work by Hao and Gross [28] has shown that the fragmentation of cysteine-based radicals of peptides yields information complementary to CID, similarly to ECD [12] . Since little is known about the mechanisms of these fragmentation reactions, it seemed desirable to have a detailed experimental and theoretical understanding of the CID behavior of the cysteine radical cation. Despite three theoretical studies on the fragmentation reactions of cysteine radical cations [30 -32] , experiments on longlived radical cations of cysteine formed via alternative methods to EI have lagged behind. Attempts to generate radical cations of cysteine using Siu's method have failed [32, 33] . During studies aimed at extending the ion-molecule reactions of amino acid and peptide radical cations [27] to a range of other neutral reagents, we serendipitously discovered a nitrosylation reaction of protonated cysteine with t-butylnitrite which is related to reactions of simple thiols with nitroso compounds [34] . Here we use a combination of multistage mass spectrometry experiments, gasphase ion-molecule reactions, solution phase transnitrosylation reactions, collision-induced dissociation, deuterium labeling, and density functional theory (DFT) calculations to study: (1) the formation of protonated S-nitrosocysteine; (2) the fragmentation reactions of protonated S-nitrosocysteine; (3) the fragmentation reactions of the cysteine radical cation.
Experimental

Materials
All purchased materials were used without further purification: cysteine (Cys), S-nitrosoglutathione (GSNO), and t-butylnitrite (90%) were from Sigma-Aldrich (Milwaukee, WI); d 2 -cysteine, (99.5 atom % deuterium) and D 2 O (99.9 atom % deuterium) were from Cambridge Isotope Laboratories (Andover, MA). Methanol (HPLC grade) and acetonitrile (HPLC grade) were obtained from Burdick and Jackson (Muskegon, MI). Acetic acid (glacial) was obtained from BDH (Poole, Great Britain).
Trans-nitrosylation reactions in solution were carried out by mixing equivolumes of 1 mM solutions of GSNO and corresponding Cys in water and allowing the reaction to proceed at room temperature for 10 min. Before infusing the reaction mixture into the mass spectrometer, it was diluted 100-fold by 50:50 methanol: water with 1% acetic acid. For H/D exchange experiments, the reaction mixture was diluted a hundredfold by 50:50 acetonitrile:D 2 O with 1% acetic acid. Such dilution of S-nitrosocysteine resulted in S-nitrosocysteine-d 4 , while dilution of S-nitrosocysteine-d 2 produced Snitrosocysteine-d 6 .
Mass Spectrometry Experiments
All ion-molecule reactions were carried out on a modified commercial LCQ quadrupole ion-trap mass spectrometer (Finnigan MAT, San Jose, CA). Instrument modifications have been described previously [35, 36] . The ion of interest was mass selected and liquid tbutylnitrite was infused into the He line at a rate of 10 L/min, corresponding to a pressure of ϳ1 ϫ 10 Ϫ7 Torr in the ion trap region. The samples, which were prepared in 50:50 methanol:water with 1% acetic acid added, were introduced into the ESI source of the mass spectrometer at a flow rate of 5 L/min. The sheath gas, capillary voltage, and temperature were adjusted to ca. 10 arb. units, 3.0 kV and 250°C, respectively. The CID experiments were performed using standard procedures by mass selecting the desired precursor ion, and then subjecting it to CID using collision energy sufficient to dissociate the majority of the precursor ions.
All high-resolution mass spectrometry experiments were conducted using a commercially available hybrid linear ion trap and Fourier-transform ion cyclotron resonance (FT-ICR) mass spectrometer (Finnigan LTQ-FT, Bremen, Germany), which is equipped with ESI. The ions of interest were mass selected in the linear ion trap using standard procedures and subjected to CID. Fragment ions were transferred to the FT-ICR cell to generate a high-resolution mass spectrum. Positive mode calibration was preformed via the automatic calibration function using the recommended LTQ calibration solution, consisting of caffeine, MRFA, and Ultramark 1621 solution.
Theoretical Methods
Geometry optimizations and electronic energy calculations were performed using the Gaussian 03 molecular modeling package [37] . Structures of minima and transition states were optimized at the B3-LYP level of theory [38, 39] with the 6-311ϩϩG(d,p) basis set. In the case of open-shell systems, spin-unrestricted calculations (UB3-LYP) were used. All optimized structures were subjected to vibrational frequency analysis to ensure they corresponded to either true minima (no imaginary frequencies) or transition states (1 imaginary frequency). Intrinsic reaction coordinate (IRC) runs were performed on each transition state, followed by geometry optimizations to ensure that they connected to the appropriate reactant and product ion minima. The final energies used to calculate the poten
Strategies for Calculating the Global Minima of Various Forms of Cysteine
A candidate structure for each of the various forms of cysteine was first constructed using ChemBio3D Ultra 11.0 and the energy minimized using the minimize energy functionality from the inbuilt MM2 molecular mechanics package. From this 100 high-energy conformers of each respective form of cysteine were sequentially generated by using the molecular dynamics functionality. The parameters used for the molecular mechanics calculations were:
Step Interval ϭ 2.0 fs; Frame Interval ϭ 100.0 fs; Terminate After ϭ 200 steps; Heating/Cooling Rate ϭ 5.0 Kcal/atom/ps; and Target Temperature ϭ 500 Kelvin. In addition, several additional candidate structures were manually constructed based on chemical intuition. Each of these structures were optimized at (U)B3-LYP/6-31G(d)//PM3 and the 10 most stable structures were further optimized at the (U)B3-LYP/6-311ϩϩG(d,p)//B3-LYP/6-31ϩG(d,p) level of theory and the lowest energy structure optimized at (U)B3-LYP/6-311ϩϩG(d,p).
Results and Discussion
Formation of Protonated S-Nitrosocysteine in the Gas Phase
Here we describe two different methods for generating protonated nitrosocysteine in the gas phase. Method 1 involves allowing protonated cysteine to undergo ionmolecule reactions with t-butylnitrite (eq 2). Related reactions of protonated thiols with nitrite esters have been described previously [34] .
The gas-phase ion-molecule reaction between the protonated Cys (m/z 122) and tBuONO proceeds cleanly. The only major product is the protonated S-nitrosocysteine (m/z 151) corresponding to the addition of 29 Da (a loss of H and an addition of NO) to the CysH ϩ . A representative spectrum is shown in Figure  1a . By maintaining a constant neutral concentration while varying the reaction times, kinetic plots were constructed. Analysis of these plots gave a rate constant of 1.5 ϫ 10 Ϫ11 cm 3 s
Ϫ1
, which corresponds to a reaction efficiency of 0.5%. While a detailed investigation of the mechanism of this transnitrosylation reaction is beyond the scope of the current work, based upon previous gas-phase studies [34] , a possible mechanism is shown in Scheme 1. Thus, protonated cysteine may react to give an initial ion-molecule complex, 1, which then undergoes proton transfer to form a new ion-molecule complex, 2. Subsequently, NO ϩ /H ϩ exchange would form complex 3, which could fragment via proton transfer to yield protonated S-nitrosocysteine.
Method 2 involves allowing cysteine to undergo a transnitrosylation reaction with an NO donor in solution (eq 3), and then subjecting the resultant solution to ESI/MS. 
Here R corresponds to Cys, and R= to the nitrosylating agent (in this case, S-nitrosoglutathione, or GSNO).
The ESI mass spectrum of the reaction mixture resulting from eq 3 is shown in Figure 1b . One can see that an appreciable portion of starting Cys (protonated ion at m/z 122) has been converted to S-nitrosocysteine (m/z 151). Conversely, a substantial fraction of starting GSNO (protonated ion at m/z 337) has been converted to the reduced thiol form GSH (m/z 308). Normally, to achieve a higher degree of conversion of Cys to S-NO Cys, a ten-to a 100-fold excess of the nitrosylating agent is used, which drives the equilibrium in reaction (3) to the right as described in our previous studies on Snitrosylation of model peptides [40] . In this case, however, the excess of GSNO makes it very hard to observe ions of cysteine since the ionization efficiency of the larger glutathione peptide is much higher than that of Cys. Consequently, equimolar quantities of Cys and GSNO were used and the mixture was sprayed without further purification.
Fragmentation of Protonated S-Nitrosocysteine
Fragmentation of protonated S-nitrosocysteine under CID condition results in a very simple spectrum as shown in Figure 1c and d. Both the protonated Snitrosocysteine formed in the gas-phase by reaction (eq 2), and the one formed in solution by reaction (eq 3) displayed virtually identical MS/MS spectra (cf. Figure  1c and d) including the intensity of the product ion under the same CID conditions. These results, along with their identical MS 3 spectra discussed below, strongly suggest that the same species, protonated S-nitrosocysteine, is formed by these two different processes. The loss of 30 Da, which corresponds to NO, results in the formation of the cysteine radical cation at m/z 121 (eq 4, X ϭ NO). Losses of HNO and HONO ϩ CO, which are indicative of N-nitrosoamino acids [41] , are not observed. These results are in full agreement with previous studies from our [40] and other [28, 42] groups, which highlighted the labile character of S-NO bond under various MS conditions. In fact, most studies involving S-nitrosylated peptides focus on optimizing the MS conditions to prevent the loss of NO from nitrosylated Cys residues [40, 42] . Numerous approaches have been developed for covalent modification of the nitrosothiol moiety (including the biotin switch assay [43, 44] to avoid the fragmentation of the S-NO bond during MS-based analysis [45, 46] . In this work, we use this facile dissociation to our advantage. This is an example of the violation of the so called "even electron" rule [47] in which bond homolysis occurs for an even electron ion instead of bond heterolysis reactions, which would produce even electron fragments instead. Indeed, the simple replacement of H with NO in cysteine, which changes the S-X bond dissociation energy (BDE), has a profound effect on the types of fragmentation channels which occur. Thus, protonated cysteine (X ϭ H), which has a high S-H BDE (around 91 kcal mol
Ϫ1
) [48] , prefers to fragment via the losses of NH 3 (eq 5) and CO and H 2 O (eq 6) [49] . In contrast, protonated S-nitrosocysteine (X ϭ NO), which has a low S-NO BDE (around 27 kcal mol Ϫ1 [50] prefers to fragment via the loss of NO (eq 4).
To further examine why bond homolysis (eq 4) outcompetes the even electron fragmentation pathways (eqs 5 and 6), the reaction pathways associated with these three reactions were examined using DFT calculations. From Figure 2 it can be observed that the activation barrier for S-N bond homolysis is lower than those of the two heterolytic reactions corresponding to loss of NH 3 and CO ϩ H 2 O losses by 2.5 and 5.2 kcal mol Ϫ1 , respectively. This is in agreement with the experimental results (Figure 1c and d) whereby exclusive loss of the NO radical occurs. The final product endothermicities are predicted to be 25.3, 33.7, and 24.0 kcal mol Ϫ1 , respectively. From this it can be said that bond homolysis, which is the sole observable product, occurs as it is kinetically favored even though the CO ϩ H 2 O loss is thermodynamically favored. The mechanisms for each of these pathways are described in further detail below (with all associated structures listed in Supplementary Figure S1a, which can be found in the electronic version of this article). All mechanisms occur via S-nitrosocysteine protonated at the amino group, 4a (Figure 2) , which is predicted to be the most stable isomer (Supplementary Table S1 and Supplementary Figure S2) .
Homolytic loss of NO from protonated CysNO (eq 4)
. Formation of the distonic S radical occurs via the loss of the NO radical from the side chain of protonated CysNO. The proposed transition-state (TS) obtained for the homolytic cleavage was calculated for the triplet state. A rigid potential energy surface (PES) scan examining the energy difference relative to the S-N bond length is shown in Supplementary Figure S1b . Attempts at obtaining the singlet state using the Gaussian checkpoint file from the triplet state TS by switching the ␣ HOMO and LUMO orbitals were unsuccessful. The loss of the NO radical is proposed to occur via the conformer 4b (Figure 2) . Homolysis of the S-N bond for the triplet state occurs via transition-state TS4b-5, which requires an energy of 30.7 kcal mol
Ϫ1
. Homolysis leads to the triplet state ion-molecule complex 5, consisting of the cysteine radical cation and the NO radical, which lies 21.5 kcal mol Ϫ1 above the local minimum. The energy of the final product 6a, calculated at the singlet state, combined with NO resides at 4.0 kcal mol Ϫ1 above the ion-molecule complex 5. A slightly more stable rotamer, 6b, was found which was used to calculate the endothermicity of the homolysis reaction. Thus the S-NO bond dissociation energy (BDE) of protonated CysNO to give 6b and •NO is 25.3 kcal mol Ϫ1 , which is consistent with experimentally derived S-NO BDEs for other neutral compounds [50] . 
Loss of NH 3 from protonated CysNO (eq 5).
The loss of NH 3 (eq 5) from protonated CysNO is most likely to occur via a neighboring group attack by the side chain of cysteine to form a stable episulfonium ion 8, in an analogous mechanism to that previously described for NH 3 loss from protonated cysteine [49] . This neighboring group pathway is predicted to occur via conformer 4c which lies 9.5 kcal mol Ϫ1 above the local minimum, 4a. The neighboring group attack by the sulfur nucleophile onto the a carbon occurs via transition-state TS4c-7 with an activation energy of 33.2 kcal mol Ϫ1 . Separation of the resultant ion-molecule complex 7, yields the episulfonium ion, 8, with an endothermicity of 33.7 kcal mol Ϫ1 . Evidence of the lability of the S-NO bond is demonstrated in this pathway by the lengthening of the S-N bond from the initial 2.04 angstroms in the local minima to 2.27Å in the TS and finally to complete dissociation of the S-NO bond to form complex 7, which is best described as a triple complex between the NO ϩ and thiirane carboxylic acid that is further solvated by NH 3 (via H bonding to the OH of the carboxylic acid functional group). Removal of NH 3 from complex 7 produces complex 8 in which NO ϩ is solvated by thiirane carboxylic acid.
Loss of CO and H 2 O from protonated CysNO (eq 6).
Concurrent loss of CO and H 2 O from protonated CysNO is predicted to occur via an intramolecular proton transfer from the amino group onto the hydroxyl group in a mechanism similar to that previously calculated for protonated glycine by Uggerud [51] and O'Hair et al. [49] . Starting from conformer 4d this proton migration occurs via TS4d-9 that lies 35.9 kcal mol Ϫ1 higher in energy than 4a. An intrinsic reaction coordinate (IRC) search was performed on TS4d-9 to yield the corresponding ion-molecule complex 9. Removal of both CO and H 2 O from 9, followed by optimization gave the immonium ion 10, with an overall endothermicity of 24.0 kcal mol
Ϫ1
.
Experimental Studies on the Fragmentation of the Cysteine Radical Cation
The fragmentation of Cys radical cation by CID proceeded exactly the same way independent of the method used to form the protonated S-nitrosocysteine (either formed in the gas phase or in solution as described above). The major products of Cys
•ϩ dissociation correspond to the loss of •COOH (45 Da, eq 8), CH 2 S (46 Da, eq 9), •CH 2 SH (47 Da, eq. 10), and H 2 S (34 Da, eq 11) as shown in Figure 3a . In addition, three different deuterium labeling experiments were carried out to pinpoint the origin of hydrogen atoms in the CID products, and the resulting CID spectra are given in Figure 3b -d. The first experiment involved using commercially available Cys-d 2 , where both of the sidechain C-H hydrogens are replaced by deuteriums. The second experiment involved carrying out solution H/D exchange of natural Cys, which produced Cys-d 4 •ϩ in which all the labile hydrogens (three in the protonated amino group, and the carboxyl one) were replaced by deuteriums. In the third experiment, solution phase H/D exchange of Cys-d 2 was . An asterisk refers to the mass-selected precursor ion. Note that for spectrum (c), a nested isolation was carried out in which the precursor was first isolated with a 10 Da window followed by reisolation with a 1.5 Da window. carried out and resulted in Cys-d 6 •ϩ , in which all hydrogens except the ␣ carbon C-H were replaced by deuteriums. The structures of all these deuterium labeled ions along with their corresponding CID spectra are given in Figure 3b- Table S2 ).
The CID spectrum of Cys-d 4 •ϩ (m/z 125), in which all labile hydrogen atoms are substituted for deuteriums, is shown in Figure 3c . Here the base peak occurs at m/z 79, which corresponds to the losses of •COOD and CH 2 S (both nominally 46 Da). The peak at m/z 77 results from the loss of •CH 2 SD (48 Da). Finally, the smallest peak is at m/z 89 and corresponds to the loss of D 2 S. Thus, the H 2 S loss channel from Cys
•ϩ requires that the hydrogens come from labile (originally amino or carboxyl) positions.
Finally, the fragmentation of Cys-d 6 •ϩ (Figure 3d ) is not included in any of the neutral loss products, contrary to the theoretical predictions of Zhao and coworkers [32] (this is further discussed below).
A summary of the CID products from all four CID experiments on the cysteine radical cations is given in Table 1 . No other products in appreciable quantities were detected in fragmentation of these ions. Special care was taken to look for low-mass (under m/z 50) product ions but none were detected.
Potential Mechanisms for the Decomposition Reactions of Long Lived Cysteine Radical Cations
By using the results of the labeling experiments described above together with the three previous theoretical studies [30 -32] , it is possible to make some comments on potential mechanisms for the fragmentation reactions of the cysteine radical cations. A key feature that has emerged from previous theoretical studies is that various tautomeric forms of the cysteine radical cations may be involved in the different fragmentation reactions, and that these may interconvert via intramolecular proton or H atom transfer reactions. Scheme 2 shows the structures of the tautomeric forms that we have considered and carried out DFT calculations on. The relative energy of each isomer is given below the structure, while the associated cartesian coordinates and energies for these structures are available in Supplementary Figure S3 and Table S3 . Not all of these structures appear to be stable, as discussed further below.
An examination of Scheme 2 reveals that the expected CID product of eq 4, the distonic ion 6b, is not the most stable species, which instead is 14. Radical cation 11a is also a distonic ion and is related to 6b via Table 1 . CID fragmentation losses from the deuterium-labeled cysteine radical cations
Precursor Species Cys
•ϩ
Cys-d 2
•ϩ
Cys-d 4
Cys-d 6
S-distonic radical cation structure
Precursor m/z 121 123 125 127
an intramolecular proton transfer from the N to the CO group, and has been considered in a previous theoretical study [32] . The canonical form, 12a, is directly related to the removal of an electron from the sulfur atom of neutral cysteine and has been examined in all three past theoretical studies [30 -32] . An additional structure exists (not shown in Scheme 2) whereby the charge and radical site resides on the nitrogen rather than the sulfur. This structure however is presumed to be higher in energy as indicated by a study on the photoelectron spectra of amino acids carried out by Cannington and Ham [52] whereby ionization from the lone-pair orbitals of sulfur was found to be the lowest energy process. Species 13-15, formed via H atom transfer from the ␣ C-H to the S, are all related to each other via intramolecular proton transfer. The special stability of 14 has been noted previously by Zhao et al. [32] , and is due to the captodative nature of the radical. In contrast, isomer 15 appears to be unstable. Thus an attempted optimization of 15 resulted in the cleavage of the C-S bond to give an ion-molecule complex (IMC) between the radical cation of dehydroalanine and H 2 S. Finally, in 16-18, the radical sites are located at O, O and N respectively. Optimization of 16 resulted in what appears to be a barrierless intramolecular H transfer to yield a rotamer of 12a, while isomers 17 and 18 are substantially higher in energy. In the next sections, we examine how some of these radical cations are involved in the fragmentation reactions shown in eqs 8 -11.
Mechanism for loss of CH 2 S (eq 9)
. Loss of CH 2 S is expected to result from a simple C-C bond cleavage reaction, which proceeds directly from either 6d or 11c (Figure 4) . The barrier for the latter reaction, from 11c, has been previously calculated to be 30.1 kcal mol Ϫ1 [32] , but apparently the related fragmentation reaction occurring directly from the distonic ion 6d has not been previously considered. Thus, we have calculated the surfaces associated with both of these mechanisms and the results of these calculations are shown in Figure 4 as: Path (A) loss of CH 2 S from 11c; Path (B) loss of CH 2 S from 6d. Direct fragmentation of 6d via loss of CH 2 S leads to 24, and this process is endothermic by 39.6 kcal mol Ϫ1 with a barrier of 45.1 kcal mol
Ϫ1
. In contrast, the pathway through the radical cation 11c leading to 22 is considerably less endothermic (only 21.6 kcal mol
) and also has a lower transition-state energy (30.1 kcal mol
). These calculations suggest that CH 2 S loss is much more likely to occur from the radical cation 11c as originally proposed by Zhao and coworkers [32] . This is an interesting example of how the stability of the product ion dictates the need to tautomerize a distonic ion before a simple radical fragmentation reaction.
Mechanism for losses of •COOH (eq 8) and •CH 2 SH (eq 10). Both of the radical losses •COOH (eq 8) and
•CH 2 SH (eq 10) are expected to be simple alpha cleavage reactions involving the radical cation of the canonical form, to yield the even electron immonium ions [H 2 N ϭ CH(CH 2 SH)] ϩ (20 in Figure 4 ) and [H 2 N ϭ CHCO 2 H] ϩ (25 in Figure 4 ). Thus the key first step in the fragmentation pathway must involve an H atom migration from N to S in the precursor 6b, to give 12b, which has been calculated to have a barrier of 20.8 kcal mol
Ϫ1
. Zhao and coworkers have previously calculated the energetics for the subsequent endothermic cleavage reactions [32] ) is higher than the energetics associated with Paths (A) and (C). Thus the low-energy CID results are thus consistent with this picture, with the loss of •COOH being the dominant channel followed by the losses of CH 2 S and •CH 2 SH.
Mechanism for loss of H 2 S (eq 11).
Although loss of H 2 S (eq 11) is only a minor channel, it is the most complex of all the reactions as two H atoms need to migrate to sulfur starting from 6b. Zhao et al. have previously found a transition-state for H 2 S loss [32] , but this reaction was found to involve the H atom from the ␣ carbon, which is not consistent with the deuterium labeling results shown in Figure 3c and •ϩ , corresponding to the ion arising from loss of H 2 S. The structures of these isomers are shown in Scheme 3. The relative energies of each of these isomers is given in bold in Scheme 3, while their energies combined with that of H 2 S and relative to 6b (which gives the predicted isomer specific endothermicity for eq 11) are given in italics. Cartesian coordinates of each of the optimized structures are shown in Figure  S5 •ϩ , 26, which corresponds to the proposed product ion from Zhao et al. [32] , emerged as being the most stable. Zhao et al. [32] , noted that the transition-state energy associated with the formation of 26 (relative to 6b) is 29.9 kcal mol Ϫ1 , which should make this reaction competitive with CH 2 S loss. Given the inconsistency with the deuterium labeling experiments, we attempted to find transition states corresponding to loss of H 2 S that did not involve the a hydrogen migration (data not shown). Unfortunately an alternative, lower energy pathway could not be found. Thus all other mechanisms considered were higher in energy than the pathway proposed by Zhao et al. [32] . Indeed, the isomers in which the a C-H remains intact (isomers 29, 31, and 32 of Scheme 3) are all considerable higher in energy. While we are unable to resolve the discrepancy between the deuterium labeling studies and the DFT calculations, it is worth recalling that the H 2 S loss channel is only a minor one.
Conclusions
Protonated S-nitrosocysteine, a precursor to the cysteine radical cation, has been prepared by two different means: gas-phase ion-molecule reaction of protonated cysteine with t-butylnitrite; and a transnitrosylation of cysteine in solution by a nitric oxide donor GSNO followed by the transfer of protonated S-nitrosocysteine into the gas phase by ESI-MS. A comparison of the CID spectra of protonated cysteine and S-nitrosocysteine reveals that the simple replacement of H with NO in cysteine has a profound effect on the types of fragmentation channels that occur. Thus, protonated cysteine, which has a high S-H BDE (in the order of 91 kcal mol Ϫ1 ) [48] , obeys the even electron rule since it fragments via the losses of NH 3 (eq 5) and CO and H 2 O (eq 6) [49] . In contrast, protonated S-nitrosocysteine, which has a low S-NO BDE (in the order of 27 kcal mol Ϫ1 ) [50] , violates the even electron rule by fragmenting via the loss of •NO (eq 4). The loss of •NO provides access to a long-lived cysteine radical cation, which fragments under CID via a dominant loss of •COOH (eq 8), with losses of CH 2 S (eq 9), •CH 2 SH (eq 10), and H 2 S (eq 11) being minor channels. DFT calculations suggest that proton and/or H atom migrations precede all of these losses.
Since a wide range of thiols can be converted into nitrosothiols by solution transnitrosylation (eq 3), the facile loss of nitric oxide from the resultant ESI generated protonated nitrosothiols offers an easy and general route to gas-phase S-distonic radical cations. While the detailed gas-phase fragmentation reactions of protonated Snitrosocysteine and the cysteine radical cation have only been considered in this work, we have been able to form a wide range of radical cations from nitrosylated cysteine derivatives, cysteine containing peptides, and thiols. Future studies will explore the gas-phase chemistry of radical cations prepared via this method.
